additional mechanisms, including posttranslational modifications of the core clock proteins. Functioning of the clock within the suprachiasmatic nucleus (SCN) of the mammalian brain both dictates behavioral rhythms and coordinates rhythmic functioning of peripheral tissues (Stephan and Zucker, 1972) . However, for a clock to be functional, it must not only keep time but also be susceptible to resetting or "entrainment" in response to environmental timing cues. The core TTFL in peripheral organs is entrained by feeding time (Damiola et al., 2000; , likely by a combination of myriad metabolic signals (Dibner and Schibler, 2015; Jordan and Lamia, 2013) . One important pathway through which such signals are communicated to metabolic organs is via AMP-activated protein kinase (AMPK), which is activated under conditions of cellular ATP depletion (Jordan and Lamia, 2013) and can shift peripheral clock time (Lamia et al., 2009) . AMPK phosphorylates 2 serines in CRY1 (S71 and S280); phosphorylation of S71 is sufficient to significantly destabilize overexpressed CRY1 (Lamia et al., 2009 ). Here we report a characterization of behavioral and peripheral tissue rhythms in mice harboring germline mutation of serine 71 to the nonphosphorylatable residue alanine.
MATERIALS AND METhODS

Mice
Homology arms constituting genomic regions surrounding exon 2 of the mouse Cry1 locus were cloned by HindIII restriction digest of BAC plasmid bMQ_447c17 into the pBSKS vector backbone by conventional methods. NotI and PacI sites were introduced into the pBSKS vector containing the 3′Arm, and SbfI and AscI sites were introduced into the pBSKS vector containing the 5′Arm to enable subsequent transfer to pACN. Because of difficulty in amplifying and/or mutagenizing the surrounding region by polymerase chain reaction (PCR), the S71A mutation was introduced into an overlapping genomic region in pBSKS using site-directed mutagenesis (primers: cgaaagctgaacgctcgcctcttcgtg and cgaaagctgaacgctcgcctcttcgtg). A 409-bp fragment directly surrounding either wild-type (WT) or S71A mutant exon 2 was then transferred by SwaI/(partial HincII) restriction digest into the HindIII-cloned 3′Arm in pBSKS. The resulting WT and S71A mutant homology arms were transferred to the pACN vector by directional NotI/PacI and SbfI/AscI restriction digest. The resulting targeting vector was linearized by PmeI digest prior to electroporation into c57Bl6/NJ embryonic stem (ES) cells at the Scripps Research Transgenic Core Facility. ES cell clones were screened by PCR and Southern blot, and 2 positive clones were injected into pseudopregnant females. Germline transmission was confirmed by Southern blot and PCR. Male offspring were used to breed to c57Bl6/J female mice for the first generation to ensure removal of the self-excising CRE recombinase and neomycin resistance cassette driven by a testis-specific promoter. Genotyping of the mice is performed by PCR using the following primers:
Amplicons of 148 bp and 183 bp indicate the presence of the WT and S71A mutant alleles, respectively. The presence of the desired mutation was confirmed by PCR amplification and sequencing of the region of interest. Mice were bred with c57Bl6/J mice from the TSRI colony for ≥5 generations. Mice were entrained to a 12-h light/12-h dark cycle for at least 2 weeks prior to experiments, and all experiments were performed at 8 to 17 weeks of age. All animal care and treatments were in accordance with The Scripps Research Institute guidelines for the care and use of animals and were approved by the TSRI Institutional Animal Care and Use Committee.
Behavioral Analysis
Mice were single housed in Coulbourn Instruments (cat No. ACT-551-MS-SS) cages containing a running wheel attached to an activity monitor. Mice were entrained to a 12-h light/12-h dark cycle for 2 weeks prior to release into 24-h darkness for measurement of activity and free-running period for 5 weeks. Some mice were then reentrained to a light-dark cycle for 2 weeks and released into constant darkness again for measurement of the speed of reentrainment and of activity and free-running period at an advanced age. Running-wheel data were collected and analyzed using Actimetrics' Clocklab Analysis Software. The free-running period was calculated from data collected in constant darkness using the chi-squared periodogram method.
Lumicycle Analysis
For analysis of circadian rhythmicity in ear fibroblasts, cells were isolated from transgenic mice in which luciferase coding sequence is fused to the C-terminus of PER2 expressed from the endogenous Per2 locus (B6.129S6-Per2 tm1Jt /J; Jackson Labs strain No. 006852; Yamazaki et al., 2004 Background subtraction of the recorded data was performed using the running average setting and fit by least mean squares calculation to a damped sine wave to calculate the period, amplitude, and phase. Only data with at least an 80% goodness of fit were included in the analysis. Analysis of rhythmicity in tissue explants was performed similarly, except that the tissue explants were cultured in DMEM supplemented with 5% FBS and penicillin-streptomycin. Following synchronization of circadian rhythms, they were transferred to DMEM supplemented with 1% FBS, penicillin-streptomycin, and 100µM D-luciferin.
Tissue Preparation for Western Blot Analysis
Quadriceps muscles were collected from sedentary male mice of the given genotype synchronized to a 12-h light/12-h dark cycle. Following collection, both quadriceps muscles were rinsed briefly in phosphatebuffered saline prior to nuclear fractionation as described (Dimauro et al., 2012) . Nuclear lysates were collected and equilibrated prior to Western blot analysis.
Western Blots
Total cell lysates (30-50 µg) or nuclear extracts (3-5 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidine difluoride membranes. Proteins were detected by standard Western blotting procedures. Antibodies used recognized anti-Cry1-CT and antiCry2-CT as described (Lamia et al., 2011) ; LaminA antibody (L1293) was purchased from Sigma.
Statistics
All data were analyzed by analysis of variance (ANOVA) with post hoc testing using GraphPad Prism 7 software. In Figure 1 , male and female freerunning period and voluntary activity data were analyzed by 2-way ANOVA. In Figure 2 , measurements of free-running period were analyzed by Student t test. In Figure 3 , period and total activity were analyzed by multiple 1-way ANOVA. All p values were adjusted to correct for multiple comparisons.
RESULTS
Generation of Cry1 S71A Mice
To generate CRY1 S71A mice, we designed a targeting construct containing a self-excising CRE recombinase and neomycin resistance gene flanked by sequences homologous to the genomic region surrounding exon 2 of mouse Cry1. Expression of CRE recombinase in ES cells led to the replacement of the serine 71 codon with an alanine codon as well as a residual loxP site upstream of exon 2 (Fig. 4A ). Successful mutation of S71 was confirmed in ES cells via Southern blot prior to host blastocyst injection (Fig. 4B ). Genomic DNA from the resulting mice was sequenced to confirm the S71A mutation (Fig. 4C ).
Cry1
S71A Mice have a Normal Free-Running Period and Decreased Voluntary Activity
In mice, loss of Cry1 or Cry2 leads to shorter or longer free-running periods of behavioral rhythms in constant darkness, respectively (Vitaterna et al., 2002) . We anticipated that the S71A mutation, which is expected to stabilize CRY1, would lead to changes in circadian rhythms. To examine behavioral rhythms, homozygous Cry1 S71A mice and control WT littermates were placed in running-wheel cages and acclimated to a standard 12 h:12 h light-dark cycle for 2 weeks followed by 5 weeks of constant darkness; this pattern was repeated to enable measurement of voluntary activity levels and free-running period in young and middle-aged mice (Fig. 1A,B) . Both age and sex can influence the free-running period (Davis et al., 2017; Weitzman et al., 1982) . Here, we found that from 11 to 17 weeks of age, the free-running period of male mice remained relatively constant, while it increased steadily with age in females (Fig. 1B) . In contrast, the Cry1 S71A mutation did not significantly affect the free-running period in either male or female mice (Fig. 1B) . Voluntary running-wheel activity was much higher in female mice of both genotypes, as reported by others (Garland et al., 2011) , and is robustly affected by age, with sexually dimorphic patterns (Figs. 1C-E) . Although there was no change in circadian behavioral rhythmicity or the temporal profile of activity (Figs. 1C,D) , the Cry1 S71A mutation may slow reentrainment to a light-dark cycle (Fig. 1C, day 52 ) and decreases voluntary activity in female mice (Figs. 1D,E) . 
Cry1
S71A Tissues Do Not have Altered Circadian Rhythms
While overt behavioral rhythms in mammals are driven by the clock in the SCN (Welsh et al., 2010) , clocks in peripheral tissues can be uncoupled from the master oscillator through temporal restriction of feeding (Damiola et al., 2000; ). We therefore sought to determine if the circadian clock in peripheral tissues was altered, independent of a lack of genotype effect on central clock function, as revealed by behavioral rhythms. Cry1 S71A mice were bred with mice expressing luciferase as a fusion protein with endogenous PER2 (Per2Luc Circadian rhythms recorded from ear fibroblasts isolated from these mice had period and amplitude indistinguishable from controls ( Fig. 2A,B) . To more fully address whether rhythms in key metabolic organs were altered, we measured luciferase activity in tissue explants from the liver and muscle (quadriceps, soleus, and plantaris) of WT and S71A mice. None of the tissues examined exhibited a significant difference in period due to genotype (Fig. 2C) .
The S71A Mutation Does Not Alter CRY1 SteadyState Protein Level in Liver or Muscle of Mice
Phosphorylation of CRY1 on serines 71 and 280 by AMPK destabilizes CRY1 in cultured fibroblasts, and deletion of the AMPK-activating kinase LKB1 stabilizes CRY1 in mouse liver nuclei throughout the day (Lamia et al., 2009 ). Furthermore, mutation of serine 71 in mouse CRY1 to the nonphosphorylatable amino acid alanine significantly increases the stability of overexpressed CRY1 (Lamia et al., 2009) . Although Cry1 S71A mice exhibit no apparent alteration in central circadian function measured by overt behavioral rhythms, we hypothesized that peripheral circadian clocks would be more likely affected by the loss of an AMPKmediated signal. We therefore investigated molecular circadian rhythms in key metabolic tissues of Cry1 S71A and littermate control mice. In liver nuclei prepared from both WT and Cry1 S71A littermates at 6 zeitgeber times (ZTs; hours after lights-on), we observed the expected oscillation of CRY1 and CRY2 abundance, with no apparent impact of genotype on CRY1 protein levels (Fig. 5A) . Next, we examined CRY1 protein abundance at ZT0 and ZT12 in quadriceps muscle of WT and S71A mice, as these times were representative of high and low CRY abundance, respectively. While we detected the expected difference between ZTs, CRY1 protein level was unaffected by Cry1 S71A genotype (Fig. 5B) .
The S71A Mutation Does Not Alter Behavioral Rhythms in Cry2-Deficient Mice
Despite a high level of sequence conservation, mammalian CRY1 and CRY2 are not redundant in controlling the timing of the clock. Indeed, studies in mice have revealed that while Cry1 -/-animals display a shorter period compared with WT littermates, Cry2 -/-animals have a longer period (Hotz Vitaterna et al., 1999) . While precise tuning and resetting of the clock relies on a large suite of posttranslational modifications regulating the stability of individual clock components (Gallego and Virshup, 2007) , the relative ratio of the cryptochrome proteins, rather than direct stability, seems to be important for setting the circadian period . We therefore investigated whether the S71A mutation conferred additional changes to the circadian period in Cry2-null mice. WT, Cry1
S71A
, Cry2 -/-, and Cry1
;Cry2 -/-male littermates were acclimated for 2 weeks in a standard 12 h:12 h light-dark cycle prior to being released into complete darkness for 5 weeks, during which time the circadian period and total running-wheel activity were recorded. As expected, Cry2 -/-animals displayed a significantly longer period compared with WT controls (Fig. 3A) . The Cry1 S71A mutation, however, did not confer any additional change in period length compared with Cry2 -/-animals. No significant difference in activity was found for any of the genotypes examined, although this experiment lacks statistical power to detect subtle changes because of the small number of animals studied (Fig. 3B) .
DISCUSSION
Here we report the effects of germline mutation of CRY1 serine 71 to alanine in a genetically engineered mouse model. While the S71A mutation stabilizes CRY1 protein when overexpressed in cultured cells (Lamia et al., 2009) , we sought to characterize the effect of this mutation on protein stability in vivo within several key metabolic tissues. Surprisingly, it does not significantly affect the steady-state level of CRY1 protein at any of the zeitgeber times examined in mouse liver, muscle, or fibroblasts. Nor does it appear to affect behavioral rhythms in mice. We cannot exclude the possibility that CRY1S71A protein stability is enhanced but other mechanisms compensate in vivo to maintain normal molecular and behavioral circadian rhythmicity. Also, Cry1 S71A mice may exhibit altered behavioral responses to photic stimuli that were not examined here.
Our inability to detect increased CRY1 protein or changes in circadian rhythms in Cry1 S71A mice is consistent with another study that did not detect a difference in circadian period between Cry1 -/-;Cry2 -/-fibroblasts, in which rhythmicity was rescued by transiently expressing either WT CRY1 or CRY1S71A (Ode et al., 2017) , but contrasts with observed effects on CRY1 stability in livers of mice following genetic or pharmacological manipulation of AMPK activity (Lamia et al., 2009) . Multiple factors could contribute to this apparent discrepancy. First, phosphorylation of either serine 71 or 280 may be sufficient for AMPK to destabilize CRY1 in vivo. Indeed, mutation of either serine 71 or serine 280 to the phospho-serine mimetic aspartic acid destabilizes CRY1 in cultured cells (Lamia et al., 2009) , and transient expression of CRY1S71D in Cry1 -/-;Cry2 -/-fibroblasts results in a significantly lengthened circadian period compared with that of the same cells expressing WT CRY1 (Ode et al., 2017) . In addition, AMPK can destabilize PER2 (Jee et al., 2007) , which could indirectly contribute to CRY1 destabilization. Thus, S71 phosphorylation may be redundant with other pathways for modulating CRY1 stability and circadian rhythms. Finally, given the importance of AMPK in relaying information pertaining to energy abundance to the clock, we cannot rule out the possibility that Cry1 S71A mice may exhibit altered circadian or other functions under conditions of metabolic stress, such as fasting or intense exercise.
AMPK phosphorylation of CRY1 increases its interaction with FBXL3 (Lamia et al., 2009 ). We recently demonstrated that both CRY1 and CRY2 can act as co-factors to recruit additional proteins for turnover via SCF FBXL3 (Correia et al., 2019; Huber et al., 2016) . Phosphorylation of CRY1 by AMPK and its increased association with FBXL3 may thereby transmit signals pertaining to energy status not only to the circadian clock but to other pathways as well. Mutation of serine 71 to alanine in Cry1 S71A mice might therefore result in decreased turnover of undefined protein targets. The decreased voluntary activity levels of female Cry1 S71A mice indicate a role of CRY1 serine 71 phosphorylation in the regulation of voluntary activity. Intriguingly, voluntary running-wheel activity in female rats is modified by expression of protein kinase inhibitor alpha (Roberts et al., 2014; Grigsby et al., 2019) , which inhibits cyclic AMP signaling. CRY1 has been shown to regulate cyclic AMP signaling (Zhang et al., 2010; Narasimamurthy et al., 2012) , so this may contribute to the observed difference in voluntary runningwheel activity observed here. Alternatively, reduced voluntary running-wheel activity may reflect a change in metabolism. Further characterization of this mouse model is needed to understand the impact of the S71A mutation on CRY1 function and downstream effects on physiology.
